Malpositioning of cervical screws risks neurovascular injury. A cervical screw fixation system can provide proper rigidity, alignment correction, and high rates of fusion afforded by high pullout biomechanical strength. The objective is to assess the dimensions and axis of the C3-C7 cervical pedicles. A 1-mm slice thickness computed tomography (CT) scan of the cervical spine of 30 patients (15 males, 15 females) were analyzed and reconstructed in three-dimensions using Mimics ® 10.01 software. We measured pedicle axis length (PAL), pedicle and lateral mass length (PL-LM), pedicle length (PL), outer pedicle width (OPW), and pedicle transverse angle (PTA) from the axial image and outer pedicle height (OPH) and pedicle sagittal angle (PSA) from the sagittal image. The OPH and OPW at all subaxial cervical spines were suitable for insertion of 3.5 mm cervical pedicle screws. PSA was directed cranially at C3 to C5 (13.84, 7.09, and 2.71) and directed caudally at C6 and C7 (-4.55, -6.94). PTA was greatest at C5 and smallest at C7. The respective difference between the left and right side for nearly all parameters was not statistically significant (except for C6 PL and C7 OPH). Females had a significantly smaller OPH and OPW than males at nearly all levels. The PTA was not significantly different between the sexes. Cervical pedicle screw fixation in the Thai population can be safely performed and guidelines for insertion at each vertebra documented. Appropriate preoperative planning is necessary to achieve safe and accurate placement of the screws.
Introduction
subaxial pedicle screw fixation was recently considered an alternative to lateral mass (lm) screw fixation for posterior cervical spine stabilization. abumi et al. 1) and Jeanneret et al. 2) were the first to introduce this system in the lower cervical spine to treat subaxial fractures and dislocations. The pedicle screw system provided the most stiffness (fixation) for flexion, extension, torsion, and compression in the posterior column and for three-column instabilities. 3, 4) as compared to bicortical lm screw fixation, pedicle screws have 4 times the pull-out strength 3, 5) and thus have a lower risk of loosening during cyclic loading. 6) although pedicle screws provide excellent biomechanical features, the insertion technique is perceived as technically demanding because of the narrow and large anatomical variations of the pedicle in the cervical spine. [7] [8] [9] [10] Furthermore, there is a limitation of this technique because of its complications-such as nerve root injury by misplaced screws, vertebral artery injury or obstruction by laterally-misplaced screws, and injury to the spinal cord or dural sac by medially-misplaced screws. 7, [11] [12] [13] [14] several techniques were introduced to improve the accuracy of screw placement and to reduce the rate of screw-related complications, which vary with (a) the identification of intra-operative topographic landmarks, (b) the lateral fluoroscopy guidance insertion technique, and (c) the use of modern computer navigationassisted insertion. a quantitative understanding of three-dimensional (3D) pedicle morphology is crucial for determining the most appropriate pedicle screw insertion point and pedicle screw axis. [22] [23] [24] [25] [26] The details of cervical pedicle morphology have been reported. some studies measured dry bone cadaveric specimens and some using computed tomography (cT) imaging. most studies, notwithstanding the method, reported significant variability in the range of pedicle dimension data. 27) a review by liu et al. 27) reported no statistically significant difference between the two measurement methods (i.e., direct measurement from dry cadaveric bone vs. measurements using cT imaging). liu et al. also reported that sex, race, and geographical occurrence play a significant role in cervical pedicle anatomy. To wit, asians trend to be smaller than europeans and americans vis-à-vis the dimensions of pedicles. moreover, females have smaller pedicles than males. There have been relatively few morphological studies done in asian countries. one such study reported their subjects' pedicle dimension were not large or sturdy enough for safe and feasible insertion of cervical pedicle screws. 10) in Thailand, there has been no study to date on subaxial cervical pedicle morphology. Thus, our objective was to perform a morphological study of the subaxial cervical pedicle from cT imaging in various crucial parameters to provide morphometric data for determination of safe and accurate placement of subaxial cervical pedicle screws. in order to improve the accuracy in measurement, we decided to use mimics ® 10.01 software (materialise, leuven, Belgium) to generate a 3D reconstruction image of the cT scan data. lu et al. 28) likewise used mimics ® 10.01 software to generate a 3D reconstruction image to produce a virtual navigational template for cervical pedicle screw insertion. These results led us to use this software to measure the cervical pedicle morphology for this study.
Materials and Methods
cT scans (from 15 males and 15 females) with normal cervical spines were included in this study. age ranged between 22 years and 60 years (three 20-30-year-olds, seven 30-40-year-olds, five 40-50-yearolds, fifteen 50-60-year-olds). height ranged between 146 and 176 cm. mean body mass index (Bmi) was 22.28 among males and 22.85 among females. all cervical spines were good in bone macroarchitecture in 3D cT reconstruction images. The subjects with cervical spine trauma, infection, tumor, inflammatory diseases, deformity, or congenital abnormalities were excluded. The study was reviewed then approved 
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by our institutional ethics committee. The data for cervical spine cT scans (Brilliance icT sp-128; philips, andover, massachusetts, usa) were obtained in Dicom format file and transferred to mimics ® 10.01 software for generation of a 3D reconstruction model of c3-c7 vertebrae. each cervical vertebra was evaluated for pedicle morphologic parameters.
on the axial image, the parameters were measured as shown in Fig. 1 . pedicle axis length (pal) was the distance from the posterior cortex of the pedicle axis projection on the lm to the anterior margin of the vertebral body. pedicle length and lateral mass (pl-lm) was the distance from the posterior cortex of the pedicle axis projection on the lm to the junction of the vertebral body and pedicle. pedicle length (pl) was the distance between the vertebral body-pedicle junction and the lm. outer pedicle width (opW) was the outermost mediallateral diameter of the pedicle isthmus (narrowest point). pedicle transverse angle (pTa) was the angle between the pedicle axis projection and the vertebral midline.
on the lateral image, the parameters were measured as shown in Fig. 2 . outer pedicle height (oph) was the outermost supero-inferior diameter of the pedicle isthmus (narrowest point). pedicle sagittal angle (psa) was the angle between the pedicle axis line and the line parallel to inferior vertebral endplate. The value was recorded as positive if
Neurol Med Chir (Tokyo) 54, September, 2014 the pedicle axis angled cranially and negative if it angled caudally. Two orthopedic surgeons (a and B with 4 and 8 years of experience, respectively) conducted the measurements independently. all parameters were determined a total of four times, that is, twice by both orthopedic surgeons a and B. The mean for each item was used as the data point. The intraobserver error was calculated from the first and second values determined by orthopedic surgeon a, and the inter-observer error from the values measured by both orthopedic surgeons a and B.
Statistical analysis
The mean and standard deviation were calculated for all parameters. The t test was used to determine if there were any significant differences (p < 0.05) in pedicle morphologic parameters according to sex, side, asian population, and european/american population. spss® (spss inc., chicago, illinois, usa) for Windows version 15.0 was used for the statistical analyses.
The intra-and inter-observer correlations were calculated using a two-way mixed effect model: the goal was to determine the intra-class correlation coefficients.
Results
We analyzed 150 3D reconstructions of subaxial cervical vertebrae from 30 subjects. Five linear and two angular parameters were measured for the 300 pedicles. The subjects' demographic data are presented in Table 1 .
The subaxial pedicle morphological data are presented in Table 2 . overall, the respective difference between the left and right side for each of the morphological parameters was not statistically significant. The exceptions were: (a) oph at c4; (b) pl at c6; (c) pTa at c7; and (d) psa at c5 (Tables  3 and 4) . Females were significantly smaller than males for oph (except c7), opW (except c7 right side), and pal (except c5 right side and c6 both sides) (Table 5 ). pl, there was a respective statistically significant difference between the sexes on both sides of c3 and c4 only. The psa in females was significantly different than males on the right side of c5 and both sides of c4 and c6. any difference in the pl-lm and pTa parameters was not statistically significant between the sexes.
The respective icc and 95% confidence interval for inter-and intra-observer reproducibility was very good for all of the measured radiographic parameters ( Table 6) .
The difference in male vs. female pal (range, 24.7 to 37.95 mm) was highly significant (males were longer than women), except on the right side of c5 and both sides of c6. The mean pal at each level gradually increased from c3 to c7 (29.10 to 34.36 mm).
pl-lm (range, 11.79 to 19.56 mm) was not significantly dependent on either sex or side. The mean was shortest at c4 (14.84 mm) and longest at c6 at c3 and c4, pl (range, 3.68 to 17.94 mm) was significantly dependent on sex (males longer than females). at c5 to c7, however, length was not significantly different between the sexes. vis-à-vis right and left side, length was significantly side dependent only at c6. The mean of the length at each level gradually increased from c3 to c7 (5.55 to 6.28 mm).
The mean opW (range, 3.64 to 7.46 mm) at each level gradually increased from c3 to c7 (5.17 to 6.49 mm). pedicle width in males was significantly greater than in females, at all spinal levels except at the c7 spinal level on the right side. The difference between sides vis-à-vis outer pedicle width was not statistically significant.
The oph (range, 4.18 to 6.17 mm) between the sexes nearly reached statistical significance (males trended to be larger than females) except at c6 on the left side and c7 on both sides. vis-à-vis side, only the c4 spinal level had a statistically significant difference between left and right (left was greater than right). The mean height at each level increased from c3 to c7 (6.37 to 7.47 mm).
The mean pTa (range, 30.86° at c6 to 55.59° at c5) gradually increased from c3 to c5 (46.36° to 48.89°) then gradually decreased from c5 to c7 (48.89° to 38.79°). The mean was largest at the c5 spinal level and smallest at the c7 spinal level. a respective 67.5%, 80%, 85%, 37.5%, and 22.5% of all pedicles at c3, c4, c5, c6, and c7 had a transverse angle > 45°. There was no statistically significant difference in pTa between the sexes. moreover, only the c7 spinal level had a statistically significant difference between the right and values are the mean and standard deviation. *statistical significant (p < 0.05). lt: left, oph: outer pedicle height, opW: outer pedicle width, pal: pedicle axis length, pl:
pedicle length, pl-lm: pedicle length and lateral mass, psa: pedicle sagittal angle of the subaxial cervical spines vis-à-vis sex, pTa: pedicle transverse angle, rt: right.
left side angle. The range of the psa (-10.92° to 18.86°) was significantly different between the sexes on both sides of c4 and c6, and on the right side of c5. The pedicle was oriented cranially at c3 (13.84°); the degree of which gradually decreased to c5 (2.71°). The pedicle was then oriented caudally at c6 (-4.55°) and c7 (-6.94°). Females had a more caudal trajectory of the pedicle than males; at almost all pedicles from c3 to c7. only at the c5 spinal level was there any statistically significant difference between sides.
Discussion
Transpedicular screw fixation at the subaxial cervical spine is considered an alternative fixation for use in posterior cervical spine surgery, especially for posterior salvage surgery of the cervical spine. This system provides superior biomechanical strength compared to other posterior cervical fixation systems. [3] [4] [5] This system, however, also has potential complications, such as nerve root injury, vertebral artery injury, and dural sac injury, that account for this system's being infrequently used. morphologic studies on subaxial cervical pedicles-whether direct or cT measurement-are crucial for avoiding complications during surgeries implementing this system. There are not, however, many indexing studies on the cervical pedicle morphology of asians over against those on europeans or north americans. This study was conducted to understand the morphology of subaxial cervical pedicles in various parameters in the Thai population and to understand the difference between our population and other populations in asia, europe, and america.
We found that the difference between males and females for almost all parameters of subaxial pedicle morphology were statistically significant. To reduce pedicle screw complications, it is therefore necessary for surgeons to be aware of these differences during pre-operative planning. The current study also showed that the pedicle height and width of subaxial cervical spines were suitable for insertion of 3.5 mm pedicle screws. vis-à-vis angles, the psa is directed cranially from c3 to c5 then caudally at c6 and c7. The pTa was greatest at c5 and smallest at c7. comparing our data (at all subaxial cervical spinal levels) with other asian cT measurement studies 8, 10, [25] [26] [27] [28] [29] (Table 7) , differences in mean opW, oph, and pl-lm were not statistically significant (p > 0.05). mean pal at c4 to c7 in our population was significantly greater than in other asian populations. vis-à-vis the psa, it was significantly different (albeit not exceeding 2º) at c3, c4, c6, and c7. The pTa, at the c3 and c4 spinal levels were significantly different but not exceeding 3° at each spinal level. The relative similarities to other asian populations strongly suggests that the cervical pedicle screw can be performed in nearly the same way as it is done elsewhere in asia.
compared to european/american cT measurement studies, 5, 24, 27, [29] [30] [31] [32] [33] [34] [35] [36] [37] the respective c3 and c4 oph in the current study was significantly smaller. By contrast, the c7 in our population was significantly taller. at all levels, differences in opW were not statistically significant. pal was significantly different at all levels except c6. The pl was significantly greater at c4, c5, and c7 than was found among europeans and americans. The pTa at all levels showed no significant difference, while the psa was significantly different at c5 to c7; especially at c5, as our population's angle was directed cranially while the angle in european/american populations was directed caudally. regarding c6 and c7, the respective sagittal angle in our population was directed more caudally than in europeans and americans. These results underscore that the use of european/ american data for planning subaxial pedicle screw insertion in asians could be risky, especially at the c5 level. race specific data is needed. The limitations of this study are: (1) our included subjects trended to be aged and old-age subjects might have some degree of degenerative process at the subaxial cervical spines; (2) some anatomical relationships may have changed when the position of the patient's head and neck was changed during intra-operative positioning; and (3) our data especially for screws insertion trajectory might be affected by points 1 and 2.
Conclusion
Better knowledge of the subaxial pedicle morphologies is the key to safe and successful insertion of 3.5 mm diameter screws in transpedicular screw fixation. according to the differences found between the sexes and sides of the cervical pedicle parameters, a pre-operative imaging study should be performed to know the orientation and size of the cervical pedicle. armed with such knowledge, the surgeon uses (a) a virtual navigation template, (b) an intraoperative navigation system, or (c) an intraoperative imaging system to perform the transpedicular screw fixation in subaxial cervical spine surgery.
